for the coastal regions. In addition, it offers a capacity of all-weather imaging for the ocean surface irrespective of atmospheric condition, except for extreme events related to heavy rainfall. These unique imaging availabilities of SAR make it possible to observe various oceanic features such as waves (Beal et al., 1986; Dobson and Vachon, 1994; Kim, 1999) , currents (Lyzenga and Marmorino, 1998; Romeiser et al., 2002; Kang and Lee, 2007) , internal waves (Gasparovic et al., 1988; da Silva et al., 1997) and near-coastal and finer-scale wind fields to investigate the spatial variability of wind field (Kerbaol et al., 1998; Vandemark et al., 1998; Lehner et al., 2000; Friedman et al., 2001; Kim, 2009) . SAR-derived wind fields are now being used in various applications such as coastal environment monitoring (Korsbakken et al., 1997; Choisnard et al., 2003; Moon et al., 2010) , assimilation of ocean circulation models (Young et al., 2000; Kawamura et al., 2002; Zabeline et al., 2011) , and mapping global wind power (Furevik and Espedal, 2002; Hasager et al., 2004; Christiansen et al., 2006) .
Most of SAR winds have been retrieved from Cband data with three major wind retrieval algorithms; CMOD4 (Stoffelen and Anderson, 1997), CMOD_IFR2 (IFREMER-CERSAT, 1999) , and CMOD5 (Hersbach et al., 2007) . Unfortunately, all of the C-band algorithms were developed using VVpolarized observations. Several C-band SAR satellites, such as RADARSAT-1, ENVISAT, and SIR-C, carried HH-polarized SAR without any observations from VV-polarization. The models for the VV-polarization have limited the diverse utilization of SAR imagery with other frequencies and polarization states in the estimation of wind speeds. For the further understanding of spatial and temporal variation of detailed wind distributions, we need lots of wind data to acquire a sequence of wind fields from many accessible SAR data as possible.
For the extensive utilization of the data, we need a certain model for HH-polarized data.
Since there is no robust wind retrieval model for Cband HH-polarization SAR data, the previous studies have suggested a hybrid wind retrieval method combined with polarization ratio, which is defined as HH-polarized normalized radar cross section (NRCS) over VV-polarized NRCS (HH / VV), to utilize Cband SAR data imaged at HH-polarization. This approach has attempted to convert NRCS values of HH-polarized SAR to VV NRCS values by applying the polarization ratio. Wind vectors were then derived using C-band geophysical model functions (GMFs) such as CMOD algorithms that have been validated for decades (Vachon and Dobson, 2000; Horstmann et al., 2001; Monaldo et al., 2002; Kim and Moon, 2002) . The results of the hybrid wind retrieval approaches have enhanced the applicability of the polarization ratio models for HH-polarized SAR data such as RADARSAT-1 and ENVISAT ASAR imagery. The rms (root mean square) errors of wind speeds retrieved from the method were by 1.38 to 1.99 m/s, which satisfied the requirement of satellite scatterometry (Monaldo et al., 2004; Feng et al., In order to estimate the polarization ratio coefficient, we utilized the full-polarized SIR-C image close to the east coast of Korea as shown in the rectangles of Fig. 1 . The marine environment of the coastal seas around Korea has known to be very complicated and vary with high spatial and temporal variations. The Yellow Sea is anticipated to have significant tidal effects on surface roughness of SAR images. In light of this, we selected the eastern coast of Korea. The centers of the image A and B in Fig. 1 are located at 128. 73˚E, 38.82˚N and 128.87˚E, 35 .12˚N, respectively.
The objectives of this study are to estimate a coefficient of polarization ratio for SIR-C SAR data, to understand the characteristics of polarization ratios by investigating relationships between the calculated coefficients and other parameters, and to assess the accuracy of SAR-derived wind vectors retrieved by using the polarization ratio coefficient.
Data

1) Satellite Data
SAR images from SIR-C/X-SAR were utilized to calculate the polarization ratio (PR) coefficient and retrieve sea surface winds. Details of SIR-C SAR images used in the estimation of polarization ratio coefficient were summarized in Table 1 . We used the SIR-C images acquired during the second space shuttle SIR-C/X-SAR mission (SRL-2) in October 1994. The looking angle of the SIR-C images ranges from 26.3˚ to 44.7˚ from nadir and the spatial resolution is less than 13.3 m. The image 'A' on 1
October 1994 was used to derive PR coefficient and the other image 'B' with dual polarization (HH / HV) acquired at 4h 55m on 3 October 1994 was utilized for wind vector retrievals using the PR coefficient.
2) Wind Data
It is important to obtain in-situ wind measurements for the comparison with satellite-derived wind field. Table 1 .
Method
1) Polarization Ratio
Geophysical model functions for wind retrievals have been developed by investigating empirical relationships between NRCS, wind speed, relative wind direction, and incidence angle. Representative and operational CMOD models for C-band wind retrievals are CMOD4 by Stoffelen and Anderson (1997) , CMOD_IFR2 (IFREMER-CERSAT, 1999), and CMOD5 (Hersbach et al., 2007) . In spite of their robustness, these algorithms are appropriate for Cband data only with VV-polarization. There has been no empirical model function for C-band HHpolarization until now. So we developed a hybrid model consisted of polarization ratio and GMFs. The polarization ratio, PR, is given by the following;
where s 0 HH and s 0 VV are the HH-and VV-polarized NRCS, respectively. Several polarization models have been proposed in the previous researches (Thompson et al., 1998; Elfouhaily et al., 1999; Vachon and Dobson, 2000) . Thompson et al. (1998) suggested a polarization ratio model using airborne scatterometer data with the following form;
where q is the incidence angle of radar beam. The result of the polarization ratio model showed a good agreement with HH-polarized NRCS for incidence angles from 20˚ to 45˚ (Unal et al., 1991) . Furthermore, the polarization ratio equation can be expressed as the following;
where is a an adjustable parameter. When a was set to 0.6, the model function ( -732- Vachon and Dobson, 2000; Monaldo et al., 2002) . 
2) Estimation of Polarization Ratio
3) Estimation of Wind Direction
SAR wind retrieval models require the information of wind directions prior to the estimation of wind speed in the CMOD algorithms. Streaks with kilometer scale generally appear on the SAR image.
Those were originated from atmospheric roll vortices or Langmuir circulation align approximately with the mean wind direction (Gerling, 1972; Leibovich, 1983; Beal et al., 1997) . This made it possible to estimate the wind direction by two-dimensional (2-D) FFT analysis on the SAR image (Wackerman et al., 1996; Vachon and Dobson, 2000; Kim and Moon, 2002) .
In case that the wind-induced streaks are not apparent on the image, the information of wind direction can be obtained from in-situ buoy measurement, scatterometer wind data, or numerical model products. Otherwise, the directions may be directly estimated from the SAR image by using 2-D Fourier transform spectrum analysis. In this study, we selected both direct and indirect methods by the FFT technique and reanalysis products. The SAR images were sampled to a small image with a window size of 10 km 10 km and then
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The direction of the spectral energy was taken as the normal to the local wind direction for that part (Kim et al., 2010 ). An 180˚-ambiguity problem in the determination of wind direction was solved by comparing with the reanalysis wind data.
4) Estimation of Wind Speed
Many of experimental researches have been 
f 1 (y) = {
where u the wind speed, f the direction of viewing relative to the wind direction which is f = 0˚ when viewing upwind, and a, b, g, b 1 , b 2 , and b 3 are expanded as Legendre polynomials with 18 coefficients in total. We derived wind speeds from (5), (6), and (7) by using NRCS and wind direction. VH-polarized data were not presented in Fig. 3 because cross-polarized (HV and VH) data were -734- 
Results
1) Difference of Polarimetric Characteristics
2) Estimation of Polarization Ratio Coefficient and Pseudo NRCS
When only HH-polarized data are available, a conversion process should be necessarily performed to generate VV-polarized data in order to use any of the CMOD wind models. was quite a similar to the value suggested by Thomson et al. (1998) . For the following procedure, the newly-derived mean value was used in the wind retrieval of HH-polarized SAR data as the polarization ratio constant for SIR-C SAR data. Fig. 5a and the true NRCS values in Fig. 3b , were well matched in overall (Fig.   5b ). The rms error of the NRCS differences between two data sets amounted to 0.99 dB. This implies that the estimated pseudo values were reasonaly estimated. However, it also showed some tendency that the differences were large along the low incident angles near the right side. Therefore, it is important to investigate the characteristics of the coefficients to understand the errors of wind speed retrievals.
3) Characteristics of Polarization Ratio Coefficients
In order to investigate the characteristics of polarization ratio coefficient, the a-parameter values were compared with potential error sources related to NRCS or wind speed. Fig. 6 presents the frequency
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-735- (Fig. 6 ). This result implies that the polarization ratio coefficient is not a fixed value but a dynamic variable depending on other atmospheric and oceanic conditions. (Fig. 7a) .
The a values also revealed some dependence on wind speeds as shown in Fig. 7b . The averaged a values showed a significant positive tendency to wind speeds. As winds blew strongly, so the conversion coefficients should be increased. This implies that the dependence of the coefficient of polarization ratios on other variables including incidence angle should be Korean Journal of Remote Sensing, Vol.27, No.6, 2011 -736- considered in polarization ratio models to improve the accuracy of wind speed.
4) Application to HH-polarized SAR Data for Wind Retrieval
In order to understand differences between the wind speeds estimated from different polarized NRCS data, we compared the wind fields from VV-and HHpolarized NRCS. Fig. 8a presents the spatial distribution of the retrieved wind speeds from original VV-polarized data. The wind speeds range from 1 m/s to 7 m/s, which is quite a similar to those from the converted pseudo VV NRCS data of HH-polarized NRCS by applying the a constant (Fig. 8b) . Although slightly large differences appeared for relatively strong winds (> 6 m/s) were dominant, the differences of wind speeds showed small differences in overall with an rms error of 0.37 m/s (Fig. 8c) . Comparison with other wind products showed within 1.11 m/s (ECMWF) and 1.12 m/s (NCEP/NCAR), respectively.
To assess the accuracy of wind retrieval using the polarization ratio coefficient, wind field was derived from the SIR-C dual-polarized (HH and HV) image without VV-polarized observation. 
Summary and Conclusion
In this study we estimated the coefficient of -738- 
